We present a Dynamic Energy Budget (DEB) model for the eastern oyster, Crassostrea virginica, which enables the inclusion of salinity as a third environmental variable, on top of the standard foodr and temperature variables. Salinity changes have various effects on the physiology of oysters, potentially altering filtration and respiration rates, and ultimately impacting growth, reproduction and mortality. We tested different hypotheses as to how to include these effects in a DEB model for C. virginica. Specifically, we tested two potential mechanisms to explain changes in oyster shell growth (cm), tissue dry weight (g) and gonad dry weight (g) when salinity moves away from the ideal range: 1) a negative effect on filtration rate and 2) an additional somatic maintenance cost. Comparative simulations of shell growth, dry tissue biomass and dry gonad weight in two monitored sites in coastal Louisiana experiencing salinity from 0 to 28 were statistically analyzed to determine the best hypothesis. Model parameters were estimated through the covariation method, using literature data and a set of specifically designed ecophysiological experiments. The model was validated through independent field studies in estuaries along the northern Gulf of Mexico. Our results suggest that salinity impacts C. virginica's energy budget predominantly through effects on filtration rate. With an overwhelming number of environmental factors impacting organisms, and increasing exposure to novel and extreme conditions, the mechanistic nature of the DEB model with its ability to incorporate more than the standard food and temperature variables provides a powerful tool to verify hypotheses and predict individual organism performance across a range of conditions.
Introduction
Variable environmental conditions define estuaries, controlling the distribution of many species, their individual performance (growth, reproduction, etc.) and their population dynamics. Understanding how individuals respond and handle these variable and changing environmental conditions through bioenergetics approaches provides a means to predict the performance of an salinity as a forcing variable, and enables predictions of C. virginica performance to changing and predicted conditions in the nGoM.
A number of modeling tools have been developed in recent decades to predict growth of shellfish in response to environmental variables. For C. virginica in particular, several regionally-based regression models have been developed to estimate oyster harvest (Ulanowicz et al., 1980) , habitat suitability indices (Cake, 1983; Soniat et al., 2014) , effects of temperature and salinity on larval development (Dekshenieks et al., 1993) and population dynamics (Livingston et al., 2000) . More mechanistic approaches have also been used (Powell et al., 1992; Cerco and Noel, 2005; Wang et al., 2008) . However, few of these models are transferable outside the region and conditions for which they were created as they use a detailed sequence of steps to model physiological processes, based on specific allometric relationships (Pouvreau et al., 2006) . These approaches produce locally accurate results, yet are only descriptive and very hard to generalize, even towards animals of the same species but different in size (van der Meer, 2006) . In contrast, Dynamic Energy Budget (DEB) models (Kooijman, 2010) provide an explicit understanding of factors controlling physiology and life history traits of organisms, especially in changing environments (Kooijman, 2010) . DEB theory aims for a generic and mechanistic approach applicable to all species, but parameter calibration requires precisely quantifying rates of key physiological processes under different environmental conditions. DEB models have been applied to various economically important bivalve species over the last decade (Pouvreau et al., 2006; Flye-Sainte-Marie et al., 2009; Saraiva et al., 2011; Lavaud et al., 2014) . Filgueira et al. (2014) proposed a set of DEB parameters for C. virginica, derived from other studies mainly dealing with another oyster species, Crassostrea gigas. This approach however potentially induces physiological inconsistency in the set of parameters (van der Meer, 2006; Lika et al., 2011) . The use of empirical datasets in a standardized single step procedure is thus necessary to estimate a consistent set of parameters.
Standard DEB models operate with only two forcing variables: temperature and food availability. However, in the case of C. virginica living in estuaries along the nGoM, large salinity variations critically control C. virginica physiology; low salinity is well known to be associated with reduced growth rates and delayed gonad development (Loosanoff, 1953; La Peyre et al., 2013; Leonhardt et al., 2017) and to change population dynamics by affecting mortality (Casas et al., 2015; Rybovich et al., 2016; Leonhardt et al., 2017) larval survival, development and settlement (Calabrese and Davis, 1970) . The incorporation of salinity as a third variable in a DEB model therefore seems necessary. However, the mechanisms behind these effects are still not fully understood.
While some studies showed that lower salinities stimulate oyster respiration (Percy et al., 1971; Shumway and Koehn, 1982) , others reported no or a limited effect of salinity on this physiological rate (van Winkle, 1972; Galtsoff, 1964; Casas et al., 2017) . As osmoconformers, oysters do not maintain a constant body fluid and cell osmolarity and as a result, when seawater salinity changes, water moves across plasma membranes in the direction that tends to equalize osmolarity outside and inside cells. To contend with the change in cell volume due to water movements and to conform to the changing osmolarity, oysters rely on a few mechanisms: 1) the intracellular regulation of osmolytes comprised of organic molecules and inorganic ions (Pierce and Greenberg, 1973; Baginski and Pierce, 1975) which likely involves a metabolic cost (Liu et al., 1990) , and/or 2) the closure of the shell valves in order to seclude their soft body from the surrounding environment, directly leading to the shutdown of energy input through food (Galtsoff, 1964; Shumway et al., 1977) .
A few current models incorporate the effects of salinity on physiological processes of C. virginica, generally focusing on food intake and respiration. Cerco and Noel (2005) , in their report on the Chesapeake Bay oyster population, implemented the effect of salinity on filtration rate exclusively through a sigmoidal function. Other models applied a correction factor to both filtration and respiration rates to account for low salinity effects (Powell et al., 1992) . Most recently, Maar et al. (2015) proposed an equation which invokes changes in metabolic cost, filtration rate and morphology to model the effect of low salinity on the energy budget of Mytilus edulis in the Baltic Sea. This last study is the first one to attempt to integrate salinity in a DEB model.
In this paper we developed a DEB model for C. virginica accounting for low salinity effects on their physiology. We present a set of DEB parameters estimated through the covariation method (Lika et al., 2011) using data observed from across the distribution range of C. virginica. We tested two mechanisms to include the low salinity effect in the bioenergetic model: 1) through an effect on filtration and 2) through an effect on somatic maintenance (measured by respiration). Different modeling scenarios (no effect, effect on filtration only, effect on somatic maintenance only, and effect on both of these physiological processes) were examined to simulate observed growth and reproduction at two study sites in coastal Louisiana and statistically determine the best way to implement salinity effect. The model was then validated using eight independent field monitoring data sets from the nGoM.
Material and methods
The individual bioenergetic model developed in this study is based on Dynamic Energy Budget (DEB) theory (Kooijman, 2010) . This work builds on the model for Crassostrea gigas, originally developed by Pouvreau et al. (2006) and improved by Bernard et al. (2011) . For a detailed description of DEB models the reader is referred to the above mentioned publications. The present study describes the development and adaptation of this model for C. virginica, including the addition of salinity effects on physiology.
Briefly, the model describes the dynamics of four state variables: the energy in reserve E, the energy allocated to structure V (including somatic growth), the energy allocated to development and reproduction in the reproduction buffer E R and the energy used to create gametes E GO (Fig. 1) . A major difference from previous DEB models is the use of three forcing variables: temperature, food availability and salinity, as opposed to just two (temperature, food availability). Furthermore, as for all bivalves, the model includes metabolic acceleration between birth and metamorphosis , resulting in a proportional increase of assimilation and mobilization parameters with length during larval development.
DEB models require detailed information about the physiology of the organism. While numerous studies have been done on C. virginica physiology, and growth and mortality recorded in various conditions, having explicit data using the same oyster population within the range of conditions encountered by the organism enables more accurate model parameterization and validation. We collected data on C. virginica for the purpose of this project through experimental field and laboratory studies in order to parameterize the model accurately, and validate the model.
DEB model parameter estimation
Most DEB parameters cannot be determined directly through experiments, requiring the use of compound parameters (basically amalgams of the core DEB parameters) which are more easily estimated from typical empirical data sets (van der Meer, 2006; Lika et al., 2011) . Estimates of many of the DEB parameters for C. virginica were thus obtained through the covariation method, performed in Fig. 1 . Conceptual scheme of the DEB model applied to C. virginica. Plain arrows illustrate energy fluxes, and broken arrows symbolize the effect of environmental variables on energy fluxes. State variables are presented in square boxes. The effect of salinity on physiological rates is tested through two hypotheses: (1) an additional surface related maintenance cost and (2) a direct inhibitory effect on filtration (see text for detail). Gray arrows represent the energy mobilized to pay somatic maintenance whenṗM1 is not sufficient.
GNU Octave software (see Supporting Information for a full description of the process). Prior to applying the covariation method, we generated several primary DEB parameters, listed below, using a combination of published and unpublished datasets, and laboratory experiments.
2.1.1. Arrhenius temperature T A and shape coefficient ı M Two primary parameters were estimated using information from the published literature according to van der Veer et al. (2006) : the Arrhenius temperature T A (Menzel, 1955; Loosanoff, 1958; Galtsoff, 1964; Feng, 1965; Dame, 1972; Shumway and Koehn, 1982) and the shape coefficient ı M (Powell et al., 1995; La Peyre et al., 2013; Casas et al., 2015; Rybovich et al., 2016) . Following the same method, we determined the Arrhenius temperature at the upper and lower boundaries outside the tolerance range of C. virginica.
Maximum surface-specific ingestion rate ṗ Xm
Two physiological rates (the maximum clearance rate and the pseudofeces production threshold) were determined through concurrent laboratory work, described in Casas et al. (in review) , which led to the estimation of another primary parameter, the maximum surface-specific ingestion rate ṗ Xm . Ingestion rate is considered to be at a maximum when the production of pseudofeces begins (Winter, 1978) . Therefore, the estimation of ṗ Xm (in J d −1 cm −2 ) was calculated as:
with Ċ R being the clearance rate (L d −1 cm −2 ) at food density X P (cell L −1 ), i.e. immediately below the pseudofeces production threshold (), and E X the average energetic content of a microalgae (J cell −1 ), derived from Newell (1982) and Enright et al., (1986) .
2.1.3. Estimation of volume-specific somatic maintenance costs [ṗ M ] and maximum reserve density [Em] Volume-specific somatic maintenance costs [ṗ M ] are defined as the energy requirement of an individual to stay alive, which excludes investments in the production processes of growth, reproduction and development (Kooijman, 2010) . Only indirect approaches can be used to estimate this parameter, through changes in energy content by starvation over time (van der Meer, 2006) or measurements of respiration rate of starved organisms (van der Veer et al., 2006) . Energy content data can also be used to estimate the maximum reserve density [Em], which is described as the difference between the energy content of a well-fed individual and the one after starvation (i.e., depletion of all reserve). We conducted a laboratory starvation experiment to estimate somatic maintenance and reserve density (Ren and Schiel 2008) .
All oysters used to estimate [Em] were the progeny of broodstock collected in November 2013 in Breton Sound, one of Louisiana public oyster grounds, and spawned at the Louisiana Sea Grant oyster hatchery, in Grand Isle, Louisiana, in May 2014. The progeny were grown in aquaculture bags held in an adjustable long line system (ALS, BST oyster Supplies Co., Cowell, SA, Australia). We collected 2050 oysters in January 2015 with mean shell height and tissue dry weight (±standard deviation) of 5.70 ± 1.10 cm and 0.88 ± 0.48 g respectively (n = 50). Oysters were scrubbed, divided equally into 15 groups, and placed in 400 L tanks located at Louisiana State University filled with 0.5 m filtered water at a salinity of 15 and temperature of 20 • C. Temperature and salinity in each of the 15 tanks were then adjusted at a rate of 2 • C and 3 ppt per day until reaching a desired combination of fifteen conditions with five different salinities: 3, 6, 9, 15 and 25 ppt and three different temperatures: 10, 20 and 30 • C. Oysters were maintained unfed and water quality was monitored throughout the experiment. After three weeks of acclimation, fifteen individuals from each tank were randomly sampled every month for the first three months and then every two weeks thereafter. Shell heights (cm) were measured, as well as tissue dry weight (g), obtained by drying tissue at 60 • C until constant weights were reached after about 48 h. Weights were standardized to an animal of standard shell height H std =6 cm using the relationship W std = H std /H 3 * W , with W and H the measured weight and height respectively. The effect of the two forcing variable (temperature and salinity) on weight variation was assessed by conducting a two-factor ANOVA using R 3.0.1 software (R Development Core Team, 2012). Energy content (J cm −3 ) was obtained through bomb calorimetry analysis of dry tissue (Parr Isoperibol oxygen bomb calorimeter, Model 6200). For this analysis, individuals were pooled whenever necessary (up to 5 individuals) in order to reach a sample mass of 1 g dry weight. Twenty oysters were sacrificed at the beginning of the experiment in order to get the initial energy content. Monitoring of weight loss was continued until Day 195 but all reserves were considered depleted at Day 125 when dry weight loss stabilized over time (Ren and Schiel, 2008) and data collected beyond this point were not included in the study as structural mass was potentially being broken down as a source of energy. The difference in energy content between starved animals and the initial sampling gives the maximum reserve density [Em].
2.2. Implementation of salinity as a forcing variable: hypotheses and simulation plan 2.2.1. Salinity DEB hypotheses The standard DEB model with temperature and food availability as forcing variables had to be modified to incorporate the effects of salinity on C. virginica physiology. Low salinity has been hypothesized to affect oyster growth through 1) filtration rates, and 2) somatic maintenance.
In the first hypothesis, low salinity affects C. virginica by limiting the energy input through reduced filtration. In fact, laboratory and field research have suggested C. virginica reduce or stop feeding at low salinity (Powell et al., 1992; McFarland et al., 2013; Casas et al., 2017) . In order to address this mechanism, we tested the approach employed by Powell et al. (1992) , applying a salinity correction factor on filtration (c S ; Eq. (2), Table 1) :
where S H stands for the higher salinity threshold over which salinity has no observed effect, S L is the lower salinity threshold at which filtration is stopped and S is the current salinity (values of all parameters are given in Table 2 ). The value of these thresholds was taken from a review of the literature (Galtsoff, 1964; Soniat et al., 2013; Casas et al., 2017 ) and set at 10 ppt for the S H and 3 ppt for S L . The second hypothesis is based on the potentially significant cost of equilibrating the internal osmolarity to match that of the surrounding seawater, which is achieved through the excretion of metabolites (Pierce and Greenberg, 1973; Baginski and Pierce, 1975; Liu et al., 1990 ). However, oyster cells must maintain certain levels of metabolites to survive the stress of low-salinity environment. These levels of solutes attract water molecules because of simple diffusion, leading cells to continuously spend energy moving water out to control their volume. In DEB theory, metabolic work such as maintenance of concentration gradients across membranes or the turnover of proteins is accounted for through maintenance fluxes (Kooijman, 2010) . On that account, as salinity changes, more energy would be required to adjust cell osmolarity and one would expect the costs of somatic maintenance to be greater. While DEB theory states that osmosis related energy fluxes can be accounted for through surface-area specific maintenance costs (Kooijman, 2010) , no equation is provided to compute these costs (and salinity is not considered as a forcing variable in standard DEB models). Nevertheless, Maar et al. (2015) , formulated an equation based on this DEB concept to formalize energy costs related to salinity changes in blue mussels, Mytilus edulis. We used this approach to test the hypothesis of an additional energy cost on maintenance, and computed a maintenance flux (ṗ S , in J d −1 ) in addition to the somatic maintenance costs [ṗ M ]; this maintenance always has priority over growth (Eq. (6), Table 1 ):
with the maintenance coefficient related to salinity (J d −1 ppt −1 cm −2 ) and V the structural volume (cm 3 ). Maar et al. (2015) estimated a value of = 12.55 J d −1 ppt −1 cm −2 for M. edulis. In our simulations we decided to test a range of values for this parameter, in order to understand and illustrate the effect of this assumption on the energy budget of C. virginica.
In order to test the two hypotheses we evaluated the performance of four different scenarios: 1) no salinity effect, 2) an effect on filtration only, 3) an effect on somatic maintenance only, at values of ranging from 5 to 40 J d −1 ppt −1 cm −2 and 4) a combined effect of these two mechanisms, using data sets we collected at a low and a mid-salinity site in coastal Louisiana, and described below. The degree of correspondence between observations and predictions, using the four different scenarios, was evaluated on the basis of the three following statistics plotted in a Taylor diagram (Taylor, 2001) : the correlation coefficient and the centered root-mean-squared differences (RMSD) between observed and predicted variables, along with the ratio of the standard deviations of the two variables. The hypothesis yielding the best fit was then selected and used in the validation process of the model.
Field data and hypothesis testing
From November 2014 through November 2015, we monitored C. virginica growth, mortality, tissue and gonadal condition and water quality at two locations in coastal Louisiana. These data were generated to evaluate the inclusion of salinity as a third variable in the model and test our four model hypotheses described previously.
This study was conducted at two locations in coastal Louisiana which were selected to represent different salinity regimes. Grand Isle, a barrier island in Barataria Bay, was our moderate salinity site (yearly average over the last 7 years: 19.6 ± 4.3 ppt; USGS station number 073802516, http://waterdata.usgs.gov/la/nwis/nwis). Salinity conditions in Grand Isle are generally considered optimal for C. virginica growth in Louisiana. The low salinity site was located adjacent to the Louisiana Universities Marine Consortium (LUM-CON) in Cocodrie (yearly average over the last 15 years: 10.2 ± 5.3 ppt; https:// http://weather.lumcon.edu). Both sites have continuous data recorders measuring salinity and temperature.
Oysters used in this study were from the same cohort as the ones used in the starvation experiment (see section 2.2.1.). Briefly, oysters were the progeny of Breton Sound broodstock spawned in May 2014, and maintained in the Adjustable Line System (ALS) at the Louisiana Sea Grant oyster research hatchery in Grand Isle until Table 1 Equations of the fluxes of energy implemented in C. virginica DEB model.
State variable differential equations
deployment in November 2014. For deployment, at each site, 740 oysters (mean size: 4.64 ± 1.12 cm) were distributed in ten aquaculture bags in an ALS. To follow individual growth, 100 oysters were tagged and their shell height was measured monthly from November 2014 through November 2015. In addition, 20 individuals were sampled for shell height (cm), tissue dry weights (g) and 10 individuals for histological analysis every month at each site; mortality was also recorded by counting dead oysters in the ten bags. Shell height was determined by measuring from shell umbo to distal edge using digital calipers. Gonad dry weight was determined according to the following procedure: using histological slides of the entire body, the proportion G of active gonad area relative to total tissue area (excluding gills) was quantified as described by Quintana et al. (2011) . Gonad area was first converted to gonad volume (V Go , cm 3 ) using the measured shell height (H, cm) for each individual:
and then converted to gonad dry weight (W Go , g) using the measurement for total tissue wet weight (W w , g) measured for each individual, assuming that the ratio of gonad wet weight to total tissue wet weight equals the ratio of gonad volume to total tissue volume:
with d Go the dry weight to wet weight ratio of gonad tissues. Water quality (temperature and salinity) at each site was retrieved from the continuous data recorders in Grand Isle (USGS station number 073802516, http://waterdata.usgs.gov/ la/nwis/nwis) and Cocodrie (https://stormcentral.waterlog.com).
Chlorophyll-a (chl-a) concentration was also continuously measured in Cocodrie remained very high throughout the year (yearly average: 14.8 ± 10.5 g L −1 ). High concentration of chl-a in the vicinity of the Mississippi River is a well-known characteristic of the nGoM (Lane et al., 2007) . Therefore, we considered that food was not a limiting factor in this study, which simplifies the computations in the model by assuming that the functional response f = 1.
Model validation
Simulations were performed using GNU Octave software. Growth data sets from studies in the literature conducted along the nGoM were used to validate the model performance after selecting the hypothesis. We evaluated the model according to the guidelines provided by Piñeiro et al. (2008) on model performance testing. We performed linear regressions between measured and predicted shell height (cm), tissue dry weight (g) and gonad dry weight (g) of C. virginica growing in eight different locations along the coast of nGoM (Fig. 2) . The coefficient of determination (r 2 ) was calculated to measure the proportion of the variance in observed values that was explained by the predicted values and the slope and intercepts were used to describe the consistency and the model bias respectively (Piñeiro et al., 2008) . RMSD were calculated to estimate the mean deviation of predicted values with respect to the observed ones, in the same units as the model variable under evaluation. All Table 2 List of the DEB parameters estimated for C. virginica. All values are given for post-metamorphosis organisms ( ṗ Xm must be divided by an acceleration factor of sM =3.28 to obtain the value before metabolic acceleration). 
. Data from sites 5 and 6 were used to calibrate the effect of salinity in the DEB model. statistics were produced using R 3.0.1 software (R Development Core Team, 2012).
Results

DEB model parameter estimation
The DEB parameters for C. virginica were estimated from ecophysiological studies on individuals from the northern Gulf of Mexico and the U.S. Atlantic coast (Table 2) . A few parameters were estimated through controlled experiments; other primary parameters of the DEB model were estimated through the covariation method (see Supporting Information). The statistical evaluation of this set of parameters in its capacity to simulate the data provided to their estimation resulted in a goodness of fit of 7.68 on a scale from 0 (poor) to 10 (good).
Six independent studies on the effect of temperature on different physiological rates were used to estimate the Arrhenius temperature (Fig. 3) , resulting in a value of T A =6 700 K. Arrhenius temperatures at both lower (T L , 283 K, i.e. 10 • C) and upper (T H , 303 K, i.e. 30 • C) boundaries were estimated at T AL =21 820 K and T AH =45 380 K respectively.
Casas et al. (in review) measured a maximum clearance rate of 56 L d −1 cm −2 for Louisianan oysters which, combined with a pseudofeces production threshold of 3 x 10 7 cells L −1 and a conversion factor of 1.49 × 10 −7 J cell −1 for common marine microalgae Fig. 3 . Arrhenius plot for various standardized physiological rates (natural logarithm) of C. virginica resulting in an Arrhenius temperature of T A =6 700 K. The pumping rate data (black dots) are from Loosanoff (1958) , the first set of respiration rate data (white squares) is from Dame (1972) , the second respiration rate data (black triangles) set is from Shumway and Koehn (1982) , the first set of heartbeat rate data (white dots) is from Feng (1965) , the second one (black squares) is from Menzel (1955) and gill ciliary beat rate data (white triangles) are from Galtsoff (1964) . (Newell, 1982; Enright et al., 1986) resulted in an estimated maximum surface-specific ingestion rate ṗ Xm of 249.
The results from the starvation experiment conducted for this study are presented in Fig. 4 . Fig. 4a shows that oysters starved at different temperature and salinity conditions experienced a loss of biomass correlated to temperature (two-way ANOVA pvalue < 0.001) whereas salinity did not significantly affect the rate at which weight decreased (two-way ANOVA p-value = 0.31). Moreover no interaction was observed between these two factors (two-way ANOVA p-value = 0.46). Respiration rates measured at the beginning and at the end of the experiment showed similar results ( Fig. 4b) with temperature significantly affecting the oxygen consumption (two-way ANOVA p-value < 0.001) whereas salinity had no significant effect (two-way ANOVA p-value = 0.23). No clear difference in respiration was observed between day 15 and day 125 (pairwise t-test p-value = 0.51).
Bomb calorimetry was used to measure the energy content of dry tissue before and after starvation (in control conditions, i.e. temperature of 20 • C and salinity of 15). The calorific content difference between the beginning and the end of the experiment resulted in an estimated maximum reserve density [Em] of 5 420 J cm −3 . Following the method described by van der Veer et al. (2006) we also estimated a value of 38 J d −1 cm −3 for the volume-specific maintenance costs [ṗ M ].
Implementation of salinity as a forcing variable
Environmental conditions from the two locations used to test the inclusion of salinity in the model showed contrasting salinity, with an average of 20.4 ppt (±7.9 sd) in Grand Isle and 9.1 ppt (±7.1 sd) in Cocodrie (Fig. 5) . Temperature regimes, however, were very similar. C. virginica mortality in Grand Isle remained very low with a monthly average of 1.2% (maximum of 4.1% in October) while in Cocodrie monthly mortality averaged 11%, and peaked at 47% in August. Overall, oysters placed at Cocodrie showed a lower increase in shell height (reaching 6.8 ± 0.8 cm after one year; Fig. 6a,d ) compared to the individuals located in Grand Isle (9.4 ± 1.0 cm), corresponding to a growth of 70 and 135 m d −1 respectively. Similar patterns were observed in the tissue dry weight variation (Fig. 6b,e) : initial biomass of 0.26 ± 0.20 g increased to 0.87 ± 0.41 g after one year for oysters placed in Cocodrie and 3.14 ± 1.1 g for oysters placed in Grand Isle. Finally, differences in the reproductive biomass dynamics were also observed between the two sites: one spawning event can be identified in Cocodrie while two sharp decreases in the average gonad dry weight of oysters from Grand Isle indicate two major spawning events (Fig. 6c,f) . The range of the gonad mass variations was also greater in the latter, reaching 0.69 ± 0.53 g on Day 181, while the maximum value observed in Cocodrie did not exceed 0.20 ± 0.16 g on Day 146.
Predicted growth (in height and weight, Fig. 6a,b,d ,e) and reproductive activity (Fig. 6c,f) were examined using four alternate DEB modeling scenarios at the two sites. The first modeling scenario tested was that salinity had no effect at all on the individual bioenergetics. The results show a clear overestimation of all physiological rates (black line), especially in Cocodrie. The second scenario presenting the effect of salinity on filtration rate produced the best fit for all three physiological variables (red line). In the third scenario (5 different shades of blue lines), consisting of an increased somatic maintenance costs with decreasing salinity, no acceptable value of the salinity coefficient parameter was identified that fit the data. A flux of 5 J d −1 cm −3 produced a good fit for growth rates but led to predictions far off the observed gonad dry weight data. Finally, the combination of the effects on filtration and somatic maintenance did not permit to fit the data satisfactorily (green line), especially in Cocodrie. Overall, the model using a salinity effect on filtration only provided the best fit (Fig. 7) .
Model validation
Using the best fit model (including an effect of salinity on filtration rate), the modified DEB model was validated using field data from eight other sites along the nGoM (Fig. 2 and 8) . The best predictions were obtained for the simulation of shell height (Fig. 8a) as the slope of the regression between observed and predicted values was not significantly different from 1 (p-value = 0.304). Model predictions of tissue dry weight, however, lack consistency with observed values (p-value = 10 −11 ; Fig. 8b) . Nonetheless, the high r 2 of these regressions (0.8977 and 0.7551 respectively) indicates a strong linear covariance of observed and predicted values (i.e. much of the linear variation of observed values is explained by the variation of predicted values).
Discussion
Temperature and salinity control virtually every aspect of the performance of C. virginica across its range (Galtsoff, 1964) , but models incorporating salinity often invoke different physiological mechanisms (i.e., Cerco and Noel, 2005; Powell et al., 1992; Maar et al., 2015) . In this study we integrate laboratory and field data to develop a mechanistic model to predict the consequences of low and varying salinity on the energy budget of C. virginica. We used the conceptual framework presented through DEB theory, and estimated, for the first time, a set of DEB parameters through the covariation method for C. virginica, using data from across this species range. Moreover, the developed model includes the implementation of an additional environmental factor, salinity, on the oyster's energy budget. The integration of field and laboratory studies enabled testing and validation of the model, examining several hypothesized pathways by which low salinity may impact C. virginica performance (growth, reproduction). The addition of a third forcing variable (salinity) based on energy flow, demonstrates the robustness and flexibility of such a mechanistic modeling approach, and enables better prediction of C. virginica bioenergetics.
Salinity effect on filtration validated in the DEB model
Salinity changes put an energetic burden on aquatic organisms whether they can actively regulate their internal osmolarity or not (Galtsoff, 1964; Pierce and Greenberg, 1973; Shumway et al., 1977; Rybovich et al., 2016) . The various studies used in the calibration dryweight ) at the beginning (T1; individuals already starved for an acclimation period of 15 days) and at the end of the starvation experiment (T2; day 125) under 15 combinations of temperature and salinity conditions. Data at T1 10
• C 3 and 6 ppt were not included as oxygen concentrations did not vary during the measurements (oysters in these treatments remained closed for several days). of the DEB model all emphasize the fact that low salinity conditions decrease growth rates and increase mortalities, especially at higher temperature (Ingle and Dawson, 1952; Pollack et al., 2011; La Peyre et al., 2013; Rybovich et al., 2016) . Our simulations show that salinity mostly affects the bioenergetics of C. virginica through the filtration process rather than maintenance costs, which are the two mechanisms that have been postulated to cause energy losses. By comparing the physiological response of C. virginica to changing salinity in mechanistically different scenarios (Fig. 6) , we demonstrated that a decline in energy input through decreased filtration rates was the best way to account for the negative effect of lower salinity on the bioenergetics of C. virginica. The implementation of such an effect of salinity on filtration originated from the works of Powell et al. (1992) . In their model they implemented an effect of salinity on both filtration and respiration rate, and reached similar conclusion by claiming that negative net production of C. virginica in low salinity regimes is derived mainly from an effect on filtration rate via a decrease in food supply.
In the present model, the filtration rate is affected by temperature, just like other energy fluxes in DEB theory. The salinity correction factor for filtration c S , however, does not depend on temperature and the salinity thresholds S H and S L are set constant. It is still not clear whether the effects of temperature and salinity on the physiological response of C. virginica are cumulative, synergistic or antagonistic (Shumway and Koehn, 1982) and how S H and S L could be affected by temperature. In future work, one might also consider organism age in setting thresholds as it has been shown that salinity optimum (for growth mainly) varies through ontogeny (Galtsoff, 1964; Calabrese and Davis, 1970) .
Behavioral and physiological studies have shown that an oyster's first response to a drop in salinity is the closure of the valves (Galtsoff, 1964; Shumway et al., 1977; McFarland et al., 2013) , as it . Observations (black dots) ± standard deviation (gray area) and simulations of C. virginica shell height (a, d), tissue dry weight (b, e) and gonad dry weight (c, f) in Cocodrie (left) and Grand Isle (right) under different implementations of the effect of salinity on C. virginica's energy budget: no effect (dark line), effect on ingestion (red line, Eq. (2) Table 1), effect on somatic maintenance for which 5 intensities of the value were tested (blue lines, Eq. (6) Table 1) or both effects combined (green line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) can be observed for numerous bivalves to avoid osmotic stress. This behavioral response aids in preventing osmotic stress by secluding the animal from the external environment but obviously prevent individuals to feed. However, in an interesting study on Dungeness crabs, Curtis and McGaw (2010) showed that the likelihood that animals would feed in low salinity increased with starvation. Feeding therefore represents a trade-off between acquiring more energy to maintain biological functions and facing osmotic stress consequences (cell damage, death).
Finally, even if organisms feed during these periods of low salinity, it is very likely that the composition of the available food would be of less value for C. virginica (Fulford et al., 2007) . In fact, microalgae usually have low tolerance to salinity changes (Brand, 1984) and the reduction in salinity exposes estuaries to more frequent and longer freshwater phytoplankton blooms, including noxious and toxic forms of fresh water species (Ren et al., 2009) . Recent observations of decreases and changes of phytoplankton communities less desirable for C. virginica (e.g. cyanobacteria) in Louisiana estuaries with decreasing salinity support this claim (Schaeffer et al., 2012; Riekenberg et al., 2015) . In addition to the indirect effects of food quality, laboratory studies have shown a clear and direct negative effect of decreasing salinity on clearance rates of acclimated oysters (Casas et al., in review) while Galtsoff (1964) stated an optimal salinity for clearance rate between 15 and 25. Decreases in the amount of time oyster valves are opened and in the amplitude of the valve openings at salinity of 6 and below were also observed (Casas et al., in review) .
No significant increase in maintenance costs due to low salinity
The simulations using the hypothesis of an increased maintenance cost at lower salinities was not supported by the data, regardless of scaling used (Fig. 6) . Interestingly, this approach was successfully applied to the case of blue mussels from the Baltic Sea (Maar et al., 2015) . However these authors focused on somatic growth and did not look at the effect of salinity on the reproductive activity of mussels. Our field data show lower gonad tissue biomass at the lower salinity site (Cocodrie). While our model allows for the re-allocation of energy from gametes to fuel potentially increased maintenance costs, histological analysis did not display any proof of gamete atresia before the end of the spawning season. Reproductive activity simply was less important for C. virginica exposed to low salinity as compared to those at the high salinity site (Grand Fig. 7 . Taylor diagrams displaying the correlation coefficients, standard deviations and centered root mean squared (RMS) differences between observed and simulated shell height (a, d), tissue dry weight (b, e) and gonad dry weight (c, f) of C. virginica in Cocodrie (left) and Grand Isle (right). Each dot corresponds to one of the implementations of the effect of salinity in the model (as in Fig. 6 ). (Fig. 2) .
Isle). This means that lower salinities not only impact the somatic branch (structure) of the metabolic organization, but also reproduction (Fig. 1) . We must therefore consider that salinity affects the energy fluxes within the organism before the partition of energy from the reserve compartment.
It is widely thought that exposure to changing salinity must have an energy cost in term of solute transport through cell membranes. Some studies have shown that low salinity increases oxygen consumption which would support the idea of an increased metabolic cost (Percy et al., 1971; Shumway and Koehn, 1982) . Others, however, reported no effect on C. virginica (Galtsoff, 1964; Casas et al., 2017, in winter) or decreasing oxygen consumption at low salinity (van Winkle, 1972; Casas et al., 2017, in summer) . If an acute change of salinity requires the cell to either synthesize or excrete solutes, once the adjustment to surrounding conditions is complete, no more energy should be spent when salinity stabilizes. A recent study using juvenile oysters has also demonstrated that levels of ATP, the major energy metabolite of the cell, were not affected by exposure to changing salinity, suggesting that the metabolic adjustments (fluxes of various solutes) to low salinity are sufficient to prevent ATP depletion and severe cellular energy deficiency (Dickinson et al., 2012) . It is possible that in a continuously changing salinity environment where oysters constantly have to adjust and equilibrate their osmolarity to that of the surrounding water, the costs in terms of loss of solutes might have a larger effect on the organism's fitness.
The starvation experiment also failed to provide evidence indicating increased energy costs related to somatic maintenance at different salinities. In fact, temperature was found to be most related to somatic maintenance (as measured by variations in biomass and respiration rates). While our laboratory and modeling results fail to support the hypothesis that lowered salinity increases somatic maintenance costs, the oysters used in the starvation experiment were acclimated for at least three weeks and maintained at constant salinities which would not have required any changes in intracellular osmolyte concentrations. In contrast, many previous physiological studies showing increased metabolic work in C. virginica used data from oysters exposed to acute changes of salinity and rarely account for long term trends. Osmoconformers use a series of biochemical and behavioral responses to cope with a change in the environmental osmolarity and reach a new osmotic equilibrium (Shumway et al., 1977; Pierce and Greenberg, 1973; McFarland et al., 2013) . However, the duration of such reactions is usually no longer than a couple hours (Percy et al., 1971) . Bayne (1973) showed that mussels exhibit a short term response to a change in salinity which could have non-significant costs of energy due to the rapidity of the response. Furthermore, he emphasized that after a short period of acclimation there are no more or few costs related to this change. This would explain the stable respiration rates observed in the starvation experiment (Fig. 4b) . Moreover, Pierce and Greenberg (1973) demonstrated that the more euryhaline an animal, the more rapid the recovery of cell volume. C. virginica, especially in the nGoM, experience tremendous ranges of salinity, so these populations have likely adapted with response mechanisms enabling them to handle changing environments. If salinity changes become more rapid, or extreme, it is possible there may be some energetic cost.
Conclusions
We demonstrated that low salinity did not increase the maintenance cost on the energy budget of C. virginica, but that reduced energy input through feeding as the bivalves close their shells to seclude themselves from the adverse conditions (i.e., lower salinity) explained variations in growth and reproduction. Specifically, the starvation laboratory study confirmed that salinity alone failed to explain the decrease of biomass through time while combined lab and field studies provided support that decreased energy intake through reduced feeding provided better explanations of observed changes in growth and reproduction.
While this work focused on selecting mechanisms for understanding effects of lower salinity on C. virginica performance, the same approach could be tested in the opposite case in which high salinity might affect C. virginica metabolism. Few estuaries on the coast of nGoM are identified as inverse estuaries, where evaporation greatly exceeds the inflow of fresh water. These conditions can be encountered for instance in Laguna Madre, TX. However, it is likely that other factors linked to higher salinity alter oyster's fitness before this physical component had any impact on their physiology -namely, predation (Wilber, 1992) and diseases development (Chu et al., 1993; La Peyre et al., 2003; La Peyre et al., 2009) . Incorporating these impacts requires developing population based models and additional modules accounting for interactions between pathogens and their host (Flye-Sainte-Marie et al., 2009).
It is well recognized that the state of a biological organism depends on physical, chemical and biological conditions of its environment. However when we describe these complex interactions, we often try to simplify and generalize what happens in the real world. This is especially true in biological modeling where scientists face the trade-off between simplicity, reproducibility and accounting for individual variability or the various environmental variables that affect organisms. In this context, mechanistic models can help us determine which factors to include or which way to implement their action on biological functions. The ability to implement a salinity effect within a DEB model demonstrates the utility of this approach in the face of multiple stressors, and provides insight in understanding the physiological response of organisms, in this case C. virginica, to these stressors. Ultimately, a DEB model approach provides a potentially powerful tool enabling predictions of organism performance under both commonly experienced as well as more extreme or novel conditions. As management of riverine flows, along with changes in freshwater inflow and precipitation are expected to increase, impacting estuarine salinity regimes, the model developed provides a tool to better predict impacts on C. virginica performance.
